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Bloom syndrome (BS) and ataxia-telangiectasia (A-T) are rare autosomal recessive diseases associated with chromosomal instability. The
genes responsible for BS and A-T have been identified as BLM and ATM, respectively, whose products were recently found to be components
of BRCA1-associated genome surveillance complex (BASC), a supercomplex possibly involved in the recognition and repair of aberrant
DNA structures. Based on experiments using BLM / DT40 cells and BLM //RAD54 / DT40 cells, we previously suggested that BLM
functions to reduce the formation of double-strand breaks (DSBs) during DNA replication. To examine whether ATM is involved in the
recognition and/or repair of DSBs generated in BLM / DT40 cells and to address the functional relationship between the two BASC
components, we generated BLM //ATM / DT40 cells and characterized their properties as well as those of ATM / and BLM / DT40
cells. BLM //ATM / cells proliferated slightly more slowly than either BLM / or ATM / cells. The sensitivity of BLM //ATM /
cells to g-irradiation was similar to that of ATM / cells, while BLM / cells were slightly resistant to g-irradiation compared with wild-
type cells. BLM / cells showed sensitivity to methyl methanesulfonate (MMS) and UV irradiation while ATM / cells did not show
sensitivity to either agent. The sensitivity of BLM //ATM / cells to MMS and UV was similar to that of BLM / cells. Disrupting the
function of ATM reduced the targeted integration frequency in BLM / DT40 cells. However, a defect in ATM only slightly reduced the
increased sister chromatid exchanges (SCEs) in BLM /  DT40 cells.
D 2003 Elsevier B.V. All rights reserved.Keywords: BLM; ATM; BASC; Targeted integration; SCE; DSB
1. Introduction gene product (xBLM) from a Xenopus egg extract severelyBloom syndrome (BS) is a rare autosomal recessive
disease characterized by immunodeficiency, retarded
growth, male sterility, sensitivity to sunlight, and a predis-
position to a wide variety of cancers. Cells derived from BS
patients exhibit elevated frequencies of sister chromatid
exchanges (SCEs), chromosomal breaks, and interchanges
between homologous chromosomes [1]. However, they
show a retarded rate of elongation of nascent DNA chains
[2] and accumulate abnormal replication intermediates [3].
In addition, immunodepletion of Xenopus Bloom syndrome0925-4439/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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tuted nuclei and the inhibition was cancelled by the addition
of recombinant xBLM [4]. Thus, BLM seems to be some-
how involved in DNA replication.
Ataxia-telangiectasia (A-T) is also a rare autosomal
recessive disease displaying chromosome instability. Symp-
toms of A-T include cerebella ataxia, oculocutaneous telan-
giectasia, immunodeficiency, premature aging, pre-
disposition to lymphoid malignancy, and radiosensitivity.
Cells derived from A-T patients show high levels of
chromosome aberrations and hypersensitivity to ionizing
radiation [5]. The product of the gene responsible for A-T,
ATM, is a member of the family of phosphoinositide kinases
[6]. ATM plays essential roles in the recognition, signaling
and repair of DNA damage, especially DNA double-strand
breaks (DSBs). ATM is an upstream factor of p53 and
Fig. 2. Growth curves of wild-type, ATM /, BLM / and BLM / /
ATM / DT40 cells. Wild-type, ATM /, BLM /  and BLM / /
ATM / DT40 cells were inoculated into 35 mm dishes, and enumerated
at the time indicated. Three independent experiments were performed and
typical data were presented. Error bars show the standard deviation of the
mean.
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phosphorylating p53 [7,8]. ATM also interacts with and
phosphorylates c-Abl, which interacts with p53, induces
apoptosis and arrests cells in G1 phase after ionizing
radiation [9,10]. Chk2 is also phosphorylated by ATM and
regulates progression of the cell cycle through p53-depen-
dent and independent pathways [11–13].
Recently, BLM and ATM have been reported to be
components of BRCA1-associated genome surveillance
complex (BASC), a supercomplex supposed to be involved
in the recognition and repair of aberrant DNA structures,
which consists of BRCA1,MSH2,MSH6,MLH1, RFCs, and
RAD50 as well as BLM and ATM [14]. In addition, BLM is
phosphorylated by ATM in response to ionizing radiation
[15]. However, the functional relationship between BLM and
the other components of BASC is not clear at present.
It has been reported that DSBs are produced by cleavage
of the Holliday junctions which are formed by the annealing
of two newly synthesized DNA at arrested replication forks
[16]. The gene responsible for BS encodes a protein which
is a member of the RecQ helicase family and actually has
DNA helicase activity [17,18]. In addition, BLM selectively
binds and acts on Holliday junctions to promote branch
migration over an extended length of DNA [19]. In our
previous study using BLM / cells constructed from a
chicken B cell line, DT40 and BLM //RAD54 / DT40



Fig. 1. Generation of DT40 BLM / /ATM / double mutant cells. (A) Schematic representation of part of the BLM genomic locus, targeting constructs, and
the configuration of the targeted locus. (B) Southern blot analyses for wild-type (+/+), BLM /, ATM / , and BLM //ATM /  cells were carried out to
confirm the BLM gene disruption in putative BLM //ATM /  cells. BamHI-digested genomic DNA was hybridized with the probe shown in panel A. (C)
RT-PCR analysis of total RNA from wild-type (+/+), BLM / , ATM / , and BLM / /ATM / cells. The primer sets used to detect ATM, BLM, and
RECQL1 (control) were described in Materials and methods.
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is to resolve Holliday junctions formed during DNA repli-
cation, and DSBs formed due to a defect in BLM function
are repaired mainly by homologous recombination, resulting
in an increased incidence of SCE [20]. However, the precise
mechanism of the formation of SCE is not known. Interest-
ingly, most of the components of BASC, such as BRCA1,
MSH2, RAD50, and ATM, are known to be somehow
involved in homologous recombination [14].
In this study, to examine whether ATM is involved in the
formation of SCE in BLM / DT40 cells and to elucidate
the functional relationship between the two BASC compo-
nents, BLM and ATM, under DNA damage-induced con-
ditions, we generated BLM / /ATM /  double gene-
disrupted DT40 cells and characterized their properties as
well as those of BLM / and ATM / DT40 cells.2. Materials and methods
2.1. Construction of targeting vectors
Chicken BLM-targeting constructs, BLM-histidinolR and
BLM-blasticidin SR, weremade as described previously [20].Fig. 3. Flow cytometry for detection of dead cells. Cells (5 105) were treated ac
3 104 cells were analyzed by Flow Cytometry. The number in the upper right c2.2. Cell culture and DNA transfection
The cell culture conditions were described previously
[20]. BLM / and ATM / DT40 cells were generated as
reported elsewhere [20,21]. To generate BLM //ATM /
DT40 cells, ATM / DT40 cells were electroporated with
30 Ag of linearized BLM-targeting constructs using a Gene
Pulser II apparatus (BioRad, Hercules, CA, USA) at 550 V
and 25 AF. Drug-resistant colonies were selected in 96-well
plates with medium containing 1 mg/ml of histidinol or 20
Ag/ml of blasticidin S. Gene disruption was confirmed by
Southern blotting and RT-PCR. Primer sets used to detect
ATM, BLM, and RECQL1 (control) by RT-PCR are as
follows:
ATM-sense:5V-GTGGATCCCACAGGAAGATA-3V
ATM-antisense: 5V-GTCAGCTTCATCCTCTGGTC-3V
BLM-sense: 5V-ACCAGCGTGTGTCTCTGCTG-3V
BLM-antisense: 5V-CTACAGATTTTGGAAGGGAAGC-
3V
RECQL1-sense: 5V-ATGACAGCTGTGGAAGTGCTA-
3V
RECQL1-ant isense: 5V-TCAGTCAAGAACAA-
CAGGTTGGTCATCTC-3V.
sica Acta 1688 (2004) 137–144 139cording to the Manual of the ApoAlert Annexin V-FITC Apoptosis kit and
orner indicates the percentage of dead cells.
iophysica Acta 1688 (2004) 137–1442.3. Growth curve and flow cytometry
Cells (2 104) were inoculated and cultured at 39 jC for
specified periods. They were then enumerated with a
Particle Count and Size Analyzer (Coulter, USA) and
relative growth rates were estimated. The cell cycle distri-
bution pattern and cell death were examined with a EPICS
XL Flow Cytometer (Coulter) after treatment according to
the manual of the BrdU Flow Kit (Beckon Dickinson, CA)
and ApoAlert Annexin V-FITC Apoptosis Kit (Clontech
Laboratories, Inc., CA).
2.4. Measurements of MMS, UV and c-radiation sensitivity
The sensitivity to methyl methanesulfonate (MMS) was
evaluated as described previously [20]. To determine the
sensitivity to UV or ionizing radiation, cells were irradi-
ated with UV light or g-rays at given doses, and then
inoculated into dishes containing growth medium supple-
W. Wang et al. / Biochimica et B140Fig. 4. Sensitivity of cells with various genotypes to g-irradiation, MMS, and U
irradiation sensitivity. Sensitivities of wild-type, ATM / , BLM /, and BLM
determined as described under Materials and methods. Three independent experim
the mean of the survival rate and error bars show the standard deviation of the mmented with 1.5% methylcellulose. The colonies were
enumerated 9 days after inoculation. Survival was deter-
mined by comparing results with the number of colonies
of untreated cells.
2.5. Measurements of targeted integration frequency and
SCE frequency
To analyze targeted integration events at the chicken
RECQL1, RECQL5 and RAD54 loci, a targeting construct,
either chicken RECQL1-HygromycinR, RECQL5-
HygromycinR or RAD54-HygromycinR (a gift from Dr.
Takeda), was transfected into cells, and then cells were
selected with the medium containing 2.5 mg/ml of
hygromycin (Wako Pure Chemical Industries, Ltd. Japan).
Genomic DNA of drug-resistant clones was isolated and
targeted integration was confirmed by polymerase chain
reaction and Southern blotting. SCE analysis was per-
formed as described previously [22].V-irradiation. (A) g-irradiation sensitivity, (B) MMS sensitivity, (C) UV-
/ /ATM / DT40 cells to g-irradiation, MMS, and UV-irradiation were
ents were performed and typical data were presented. Each value represents
ean.
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To generate ATM / /BLM /  DT40 cells, BLM-
histidinolR and BLM-blasticidin SR targeting vectors were
sequentially transfected into ATM / DT40 cells (Fig. 1A)
[21]. Disruption of the corresponding genes in ATM //
BLM /, BLM /, and ATM / cells was confirmed by
Southern blotting (Fig. 1B). In addition, we confirmed by
RT-PCR the absence of ATM message in ATM / cells and
BLM //ATM / cells, and the absence of BLM message
in BLM / cells and BLM //ATM / cells (Fig. 1C).
We first monitored the growth curves of wild-type,
ATM /, BLM / and BLM //ATM / cells. BLM //
ATM / cells proliferated at a lower rate than either single
mutant indicating that the simultaneous defect of ATM and
BLM results in an additive effect on cell proliferation (Fig. 2).
To obtain an insight into the cause of the slow growth
phenotype in BLM //ATM /DT40 cells, we investigated
cell cycle distribution patterns and spontaneous cell death by
flow cytometry. BLM //ATM / cells showed no obvious
difference in cell cycle distribution (data not shown), but they
showed a high rate of spontaneous cell death as compared
with ATM /, BLM /, or wild-type cells (Fig. 3).
It has been demonstrated that ATM-deficient DT40 cells
exhibit high sensitivity to ionizing irradiation [20,21]. Thus,
we examined the sensitivity to g-irradiation of BLM //
ATM / cells as well as wild-type, ATM /, and BLM /
cells. As shown in Fig. 4A, the sensitivity of BLM //
ATM /  cells to g-irradiation was similar to that of
ATM / cells. In contrast to ATM / cells, BLM / cells
were slightly resistant to g-irradiation as compared with
wild-type cells.
We previously reported that BLM / DT40 cells showed
hypersensitivity to MMS as compared with wild-type cells
[20]. Thus, we next investigated the sensitivity of ATM //
BLM /  cells to MMS. In contrast to BLM /  cells,
ATM / cells showed a similar sensitivity to MMS as the
wild-type cells. The sensitivity of ATM //BLM / cells
to MMS was similar to that of BLM / cells (Fig. 4B).
Similar results were obtained upon exposure to ultraviolet
light (Fig. 4C).Fig. 5. Histograms of SCE in cells with various genotypes. Spontaneous
SCEs in the macrosomes of 100 metaphase cells were counted. Histograms
show the frequency of cells with the indicated number of SCEs per cell. The
meanF S.D. number of SCEs per cell is shown in the upper right corner.
Table 1
Targeted integration frequency
Locusa Targeted integration/total integration (%)
Wild-type ATM / BLM /  BLM / /ATM /
RECQL1 41.67F 0.00 37.50F 5.89 87.50F 5.89 66.67F 3.61*
RECQL5 37.50F 5.89 27.08F 2.95 83.33F 2.95 54.17F 7.22*
RAD54 45.83F 5.89 25.00F 0.00 95.83F 0.00 68.14F 5.01**
a Indicated loci were targeted by targeting constructs RECQL1-
HygromycinR, RECQL5-HygromycinR, and RAD54-HygromycinR. Re-
sults are represented as meansF S.D. of two to three experiments.
Significant differences from the value of BLM / are represented by
* ( P < 0.05) or ** ( P< 0.01). Statistical analysis was performed by means of
Student’s t-test.
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SCE and increased targeted integration frequency [20].
Thus, it is interesting to examine whether ATM is involved
in the targeted integration and SCE in BLM / cells. As
shown in Table 1, ATM / cells showed a slightly lower
targeted integration frequency than wild-type cells as de-
scribed previously [21]. The targeted integration frequencies
in BLM //ATM / cells were higher than those in wild-
type cells, but lower than those in BLM / cells, indicating
that ATM is partly involved in targeted integration in
BLM / DT40 cells.
We next analyzed frequencies of SCE in wild-type,
ATM /, BLM /, and BLM //ATM / cells. The fre-
quency of SCE in ATM / cells was almost the same as
that in wild-type cells (Fig. 5A and B). The increased
frequency of SCE in BLM /  cells was only slightly
decreased by the disruption of the ATM gene (P < 0.05)
(Fig. 5C and D), indicating a small contribution of ATM to
the formation of SCE in BLM / DT40 cells.4. Discussion
To our knowledge, this is the first study to genetically
investigate the functional relationship between BLM and
ATM, two of the components of BASC. It has been
demonstrated that BLM is phosphorylated by ATM in
response to ionizing radiation [15]. The sensitivity of
ATM //BLM / cells to g-irradiation was similar to that
of ATM / cells, and BLM / cells showed slight resis-
tance to g-irradiation compared with wild-type cells. The
results indicate that ATM plays an important role in the
repair of DNA lesions induced by g-irradiation as expected,
while BLM has essentially no function in the repair of these
lesions at least when the function is assessed based on
viability. ATM is thought to be a signaling protein acting in
response to DNA damage induced by ionizing radiation as a
sensor. Suzuki et al. [23] have demonstrated that ATM
associates with double strand DNA and the association is
increased under ionizing radiation. In addition, after ioniz-
ing radiation, ATM phosphorylates the downstream proteins
that are involved in DNA recombination repair [24]. In
contrast, BLM is not thought to be involved directly in DNA
recombination repair. Consistent with this notion, it has
been indicated that a defect of BLM does not affect the
formation of RAD51 foci under ionizing radiation [25,26].
Taken together, these result further support the notion that
BLM functions to reduce the formation of DSBs during
DNA replication [20] and is not involved in the repair of
DSBs.
The slight resistance of BLM / cells to g-irradiation is
reminiscent of the observation that cells exposed to low-
dose ionizing radiation or hydrogen peroxide are less
sensitive to high-dose ionizing radiation [27]. Our previous
studies suggest that slightly more DNA lesions occur when
there is a defect in BLM. Thus it seems likely that the slightresistance of BLM / cells to g-irradiation is caused by the
activation of the DSB repair system due to an increase in
DSBs in BLM /  cells under conditions not inducing
damage.
Methyl methanesulfonate (MMS) causes the methylation
of DNA bases, and a methylated base such as 3-methyl-
adenine is thought to block DNA replication [28]. Recent
studies using prokaryotic and eukaryotic cells indicated that
the Holliday junctions are formed at arrested replication
forks [16,29], and the cleavage of such junctions leads to the
formation of DSBs at arrested replication forks [16]. We
previously suggested that the physiological function of
BLM is to resolve Holliday junctions. If this is the case,
the number of DSBs will be considerably increased upon
exposure to MMS in BLM-defective cells. However, the
sensitivity of ATM //BLM / DT40 cells to MMS was
similar to that of BLM / DT40 cells, indicating that ATM
is not essential to the repair of DSBs formed in BLM /
cells on exposure to MMS.
The defect of ATM only slightly reduced the increased
SCE in BLM / DT40 cells, indicating a minor contribu-
tion of ATM to the formation of SCE in BLM / DT40
cells. We previously suggested that the defect of BLM
causes the formation of DSBs during DNA replication,
and these DSBs are repaired mainly by homologous recom-
bination, resulting in an increased incidence of SCE [20].
Thus, the small contribution of ATM to the formation of
SCE in BLM / DT40 is not surprising because DNA
lesions formed during DNA replication could be recognized
by ATR instead of ATM.
It has been reported that p53 binds to BLM in vivo and in
vitro and localizes at stalled DNA replication sites depend-
ing on BLM [30]. In addition, the depletion of p53 in the
cells derived from a Bloom syndrome individual slightly
increased the frequency of SCE. Thus, it is interesting to
analyze the functional relationship between BLM and p53.
However, DT40 cells do not express p53 [21], and the
phenotypes of ATM /, BLM /, and ATM //BLM /
DT40 cells represent those of these cells in the absence of
p53. It seems likely that the increase in the frequency of
SCE in BLM /  and ATM / /BLM /  DT40 cells
involves the contribution of the defects in both BLM and
p53 although the contribution of p53 is small.
It has been reported that a defect of ATM causes the
slower accumulation of RAD51 foci in response to ionizing
radiation [31], and ATM phosphorylates BRCA1, NBS1 and
Rad51 [32–35]. In addition, a defect in BRCA1 reduces
homologous recombination [36]. These results indicate that
ATM is somehow involved in homologous recombination.
The defect of ATM partially reduced the increased targeted
integration frequency in BLM / DT40 cells, indicating the
involvement of ATM in homologous recombination. It
seems likely that in the case of targeted integration, there
exist double strand DNA ends of transfected DNA regard-
less of DNA replication and these double strand DNA ends
are recognized by ATM.
W. Wang et al. / Biochimica et Biophysica Acta 1688 (2004) 137–144 143In summary, although BLM is phosphorylated by ATM
in response to ionizing radiation [15], and BLM and ATM
are components of BASC [14], we could find little func-
tional relationship between BLM and ATM. While circum-
stantial evidence strongly indicates the formation of DSBs
in BLM / DT40 cells under MMS-exposed and non-
exposed conditions, the contribution of ATM to the repair
of DSBs formed in BLM / DT40 cells, seems to be very
small. We speculate that the DSBs that are formed during
DNA replication in the absence of BLM are specifically
channeled to a homologous recombination pathway via
components of BASC other than ATM, such as BRCA1
and RAD50/MRE11/NBS1. The identification of such chan-
neling factors among the components of BASC will shed
light on the function of BASC.Acknowledgements
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